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1. INTRODUCTION

Europe offers no economic chances for application of fuel cells in mili- -
tary or space technology and therefore, all efforts are focussed to eventual
applications in civilian technique. This has been the reason why Justi,
Scheibe, and -Winsel (1) have postulated from their beginnings in the early
fifties to avoid principally rare metal electrocatalysts when publishing
their double skeleton katalyst ("'DSK') system of fuel cells. To achieve the
necessary high catalytic activity of base metal catalysts operating at am-
bient temperature they have introduced into electrochemistry for the first .
time Raney type microskeleton catalysts supported by inactive macroske-
leton electrodes. Raney nickel in hydrogen anodes,and Raney silver oxy-
gen (air) cathodes or similar structures are now widely used even.in
other countries for fuel cells operating with alkaline electrolytes at ambi-
ent temperature and low pressure. In the meantime Justi et al. (2) have
investigated various other base metals concerning their abililty as electro-
catalysts and focussed their present interest to titanium which appears
attractive for its low specific weight and huge hydrogen storage capacity,
up to the nonstoichiometric hydride TiH1 65°

Unfortunately titanium is corroding in alkaline electrolytes by forma-
tion of irreducible impermeable TiO, (rutile) coating layers thus exclu-
ding application in our fuel cell systém. Moreover the above mentioned
huge hydrogen storage capacity cannot be used efficiently by adsorbing
hydrogen at moderate temperatures and subsequent desorption at high
temperatures. For by this method of storing hydrogen about one half of
the free energy of combustion of hydrogen would be wasted, as we have
calculated by applying a Carnot cycle on experimental data such as tem-
peratures, pressures, heat content,and heats of sorption. Therefore the
goal of the present work is to combine the good catalytic and storing pro-

_perties of nickel and titanium, and to avoid the disadvantageous ones,
both for fuel cell and for accumulator electrodes. Of course this cannot
be done simply by mixing both metals and thus averaging their various
properties. However nickel and titanium are forming some intermetallic
compounds stable by relatively high energies of formation (about 8000
cal/mole) with quite differing properties. These compounds and their
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alloys may offer a chance of finding out electrocatalysts with really new
and possibly favourable performance. To find this assertion plausible look
at the complicated structure of the elementary cell of Ti_Ni crystal con-
taining 96 atoms (fig. 1) and offering at least 3 different distances between
Ti-Ti, Ni-Ni, and Ni-Ti atoms, an increased tendency towards covalency
between Ti and Ni atoms, and a corresponding variety of hydrogen binding
energies (3).

.DIAGRAM OF STATE OF THE BINARY SYSTEM Ti-Ni AND SCOPE OF

PRESENT WORK

According to the well known diagram of state (4) Ti and Ni form the
intermetallic compounds Ti_Ni, TiNi, and TiNi_, out of which we have
investigated Ti Ni and TiNi." As the left side ot3 fig. 2 shows, Ti Ni
forms an eutecficum with B-Ti. Therefore, all alloys containing less
than 33.3 at-% Ni have finely dispersed Ti corroding in lyes and forming

.the above mentioned thick layer of irreducible TiO,_. This is the reason

why we have focussed our efforts to the interval be%ween Ti,Ni and TiNi,
this is from 33.3 to 50 at-% Ni. The diagram of state shows that cooling
down a melt of e. g. 43 at-% Ni starts with precipitation of TiNi thus
enriching the residual melt with %i. Continued cooling causes increased
segregation of TiNi, until at 1015 C Ti_Ni is formed by peritectic reac-
tion of TiNi and the residual melt. A typical example of such a peritectic
structure is shown in the micrograph fig. 3 at 250 times linear magnifi-
cation. The rounded off parts of the structure are the residuals of prima-

rily precipitated TiNi grains surrounded by peritecticly formed TizNi.

For our experiments we have chosen several alloys with different
contents of Ti_Ni and TiNi. Concerning the TiNi-rich alloys a difficulty
arises because TiNi is extremely hard and tough and can neither be
rolled nor powdered. The nickel richest composition we were able to
mill contained 53. 6 at-% Ti and 46. 4 at-% Ni. In this case the TiNi
grains are prevailing but are surrounded completely by the brittle Ti Ni-
regions, a circumstance of importance for our results to be reportedz.

3. STORAGE OF CATHODICALLY EVOLVED HYDROGEN

First of all we would like to learn if and how this .alloy will accept
cathodically evolved hydrogen. For this purpose we have pressed and
sintered DSK electrodes consisting of 3 gramms of the particular Ti_Ni-
TiNi alloy with grain sizes from 35 to 150 microns, and 6 gramms copper

with grain sizes below 6 microns as a soft macroskeleton preventing

formation of cracks caused by volume increase of hydrogen accepting
titanium. This circular electrodes of 40 mm diameter, corresponding

to twice 12 gq. cm geometric surface were charged first with 5 mA
cathodically in 6m KOH at ambient temperature. Fig. 4 shows the poten-
tials of several specimens thus measured vs. reversible hydrogen poten-
tial as function of the charge accepted. The potentials start rather negative
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and subsequently become somewhat more positive. This transient positive
sign of potential may be explained by supposing an autocatalytic mechanism
(5), this means the primarily accepted hydrogen will favour subsequent )
entering of H-atoms. Probably this effect is caused by enlargement of the
crystal lattice facilitating the inclusion of additional hydrogen until com-
plete saturation.

Next diagram fig. 5 shows the slow anodic discharge of same electrodes
at same current strength. There are striking differences between charging
and discharging capacities. This difference may be called "irreversible
capacity” or ''first hydrogen' and is plotted in fig. 6 vs. Ni content of
each specimen and one may conclude that only Ti_Ni will bind the hydrogen
so strongly. In this connection let us remember the complicated structure
of the Ti_Ni crystal cell (fig. 1) offering a variety of interatomic distances
and thus %inding energies. More precise measurements, taking into
account an initial corrosion of Ti Ni have shown that one molecule of Ti_Ni
may trap irreversibly about two hydrogen atoms. However, concerning %he
storage capacity of the system Ti-Ni mainly hydrogen dischargeable in
the region of reversible hydrogen potential - this is up to 200 mv against
reversible hydrogen - is of practical importance. These reversible capa-
cities are plotted vs. Ni-content of each alloy in fig. 7, and one may see
that they decrease with Ni-content linearly, so the useful capacity is com-
posed additively of those of the pure compounds Ti _Ni and TiNi. Only the
values of the Ti_ Ni richest compositions are deviaging from this linearity.
Micrographs have shown that these deviations may be caused by insuffi-
cient breaking of alloys containing only a few grain boundaries. There-
fore, we have feeled justified to calculate the specific capacities of the
pure compounds Ti_Ni and TiNi by linear extrapolation of these measu-
ring values of the a%loys. Thus the specific useful capacity of pure Ti Ni
~ amounts to 0. 26 , and that of pure TiNi to 0. 245 amp. hrs/gramm. This
means, that each molecule of Ti Ni may store about.1.5, and each mole-
cule of TiNi about 1 H-atom in a reversible way, and this hydrogen may
be called "'second hydrogen' '

According to our hope mentioned in our introduction the reversible
specific capacity is rather high, but there are several other important
points of view for the evaluation of an accumulator electrode, such as
fast charge acceptance, high discharging rate, aging properties and
so on. Ti Ni offers excellent fast discharge performance, for the capa-
city decréases but little on discharge rates down to 15 minutes ("4 C").
In contrast to Ti_Ni, the capacity of TiNi decreases with increasing
discharge rate, what may be explained by slower diffusion of H-atoms
within the TiNi crystal lattice.

To evaluate the cycling performance we have checked the above men-
tioned specimens by automatic cycling at a six hours rate (C/6) within
a potential interval from -30 to + 200 mv vs. reversible hydrogen
electrode in the same electrolyte 6m KOH at room temperature. The
discharge capacity of Ti_Ni rich electrodes degraded to 50% after 45
cycles already, whereas TiNi rich specimens, e. g. 53.6 at-% Ti and
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46. 4 at-% Ni reached this deterioration but after 300 cycles.

One may conclude that it is mainly Ti_Ni which is responsible for aging
of the alloys. This result could be confirmed directly by microscopic in-
spection of polished and etched specimens containing 57 at-% Ti and 43 at-%
Ni, and comparing a virgin sample with another after 180 cycles. Fig. 8
demonstrates that TiNi grains remain unaffected, whereas the surrounding
Ti Ni regions became completely black under cycling. The information
given by light miciroscopy have encouraged us to apply larger magnifica-
tions using an electron mi croscope and in addition to elucidate the struc-
ture and composition by electron beam probe. Fig. 9a corroborates at 1000x
linear magnification that TiNi grains remain unchanged. Fig. 9b shows a
monochromatic photo of the nickel X-ray radiation and indicates that the
surface of TiNi grains is enriched in nickel. In contrast,the original Ti Ni
phase has lost most of its nickel. Fig. 9c¢ is a monochromatic picture o '
Ti radiation and shows that Ti atoms are distributed rather homogeneously.
Fig. 9d proves an enrichement of potassium atoms in the areas of former
Ti,Ni grains. Another analysis has disclosed an enrichement of about 20%
oxygen there, and both K and O atoms must have entered from electrolyte.

However, the decrease of useful capacity of TiNi rich alloys under
cycling cannot be explained by Ti_ Ni oxidation only, for the capacity of
TiNi grains should remain unaltefed. According to fig. 8 the TiNi grains
are surrounded by peritecticly formed Ti Ni respectively the impermeable
coating layers formed by its oxi dation, preventing the access of hydrogen.

4. HYDROGEN ADSORPTION FROM GASEOUS PHASE

After the adsorption of cathodically evolved hydrogen by various Ti-Ni
compounds we have studied the corresponding acceptance from gaseous
molecular hydrogen. For this purpose we used electrodes with the data
mentioned above. These electrodes were now provided with an additional
fine pore copper coating layer, and after being fitted in a conventional gas
tight half cell arrangement with 6m KOH as electrolyte, hydrogen was ad-
mitted at pressure of 2 atmospheres to the active side of the electrode.

In fig. 10 is plotted the hydrogen consumption Q(t) measured in amp. hrs
equivalents per gramm alloy containing 64 at-% Ti and 36 at-% Ni, vs.
time t in hours. The saturation value is about 0.44 amp. hrs/gramm,
this is as much as from cathodically evolved hydrogen (cf. fig. 4). The
adsorption velocity Q(t) of hydrogen is obtained by differentiating Q(t),
and is also plotted in fig. 10 vs. time. As one may see, the adsorption
starts very slowly following an exponential function and reaching its
maximum after 7.5 hours. This dependence on time may be explained
by an autocatalytic mechanism similar to the course of potential during
the first cathodic charging as described above, cf. fig. 4.

By this arrangement we have checked all our alloys and confirmed
that they are able to adsorb molecular hydrogen from the gaseous phase.
Hydrogen adsorbed in this way may also be discharged electrochemically

and therefore. this alloy is suitable as electrocatalyst in H2 anodes.
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5. HYDROGEN ANODES

However, for application of said Ti-Ni compounds and alloys as cata-
lysts in hydrogen anodes, adsorption of molecular hydrogen does not suf-
fice; in addition is deciding the voltage amperage performance. For this
. purpose we have made circular gas diffusion electrodes of 40 mm dia-
meter consisting of an active layer containing 3 gramm Ti-Ni compounds
alloy with grain size below 60 microne, 6 gramm electrolytic copper as
macrosgkeleton and 1. 5 gramm Na CO,, with grain size below 75 microns
as filler. This active layer was coateg by 2 gramm of copper as fine
pore coating layer and hot pressed at 400°C under 8 tons. Among the
various compositions of active materials, the Ti_Ni rich mixtures were
hydrogenated before hot pressing to prevent subszequent formation of
cracks under hydrogen adsorption.

" These electrode specimens were operated both as cathodes or anodes
in an hydrogen atmosphere of 2 atm at room temperature. Fig. 11 shows
the current _polarization performf.nce for both directions of processing
and -a slope of 3.5 to 6 ohm.. em”, and this differential resistance com-
pares unfavourably with ggod Raney nickel DSK electrodes reaching
values below 1.5 ohm. em™ . To specify the reason for this insufficient
performance we have first measured the current density as function of
temperature and plotted in an Arrhenius diagram delivering a linear
correlation between logarithm of amperage and inverse operating tem-
perature with a slope corresponding to 4 to 5.5 kcal/mole, rather inde-
pendent on Ti Ni to TiNi ratio and equalling those of good Raney nickel.
Therefore, ‘the inner surface became suspicious to be insufficient. In .
fact, BET measurements have disclosed that the inner surface of TiNi
rich alloys is less than 1 sq. m/gramm this is only 1 percent of our

- Raney nickel.

6. OUTLOOK

‘Although our investigations into the electrocatalytic properties of
alloys of intermetallic Ti-Ni compounds have not yet yielded a techni-
cal progress we are finding it encouraging that intermetallic compounds
are offering a new variety of potential electrocatalysts, in addition to
the hitherto applied metallic elements. Moreover the electron beam
probe has proved to be a very useful tool in analyzing electrode struc-
tures and in fact we have quite recently succeeded in increasing the
inner surface of the tough compound TiNi and reached the cathodic
and anodic performances shown in the last diagram (fig. 12) equalling
. the valyes of good Raney mckel So one may hope to make a break-

through in this way. .
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electrode with Ti-Ni alloy. Electrode potential ¢ against hy-
drogen electrode in the same electrolyte, accepted amount Q

of hydrogen (expressed in Ah per gramm alloy) and influx Q of
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